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ABSTRACT

Worldwide neutron monitor observations of relativistic solar protons on 1989 October 22 have proven puzzling,
with an initial spike at some stations followed by a second peak, which is difficult to understand in terms of transport
along a standard Archimedean spiral magnetic field or a second injection near the Sun. Here we analyze data from
polar monitors, which measure the directional distribution of solar energetic particles (mainly protons) at rigidities of
~1-3 GV. This event has the unusual properties that the particle density dips after the initial spike, followed by a
hump with bidirectional flows and then a very slow decay. The spectral index, determined using bare neutron
counters, varies dramatically, with energy dispersion features. The density and anisotropy data are simultaneously fit
by simulating the particle transport for various magnetic field configurations and determining the best-fit injection
function near the Sun. The data are not well fit for an Archimedean spiral field, a magnetic bottleneck beyond Earth, or
particle injection along one leg of a closed magnetic loop. A model with simultaneous injection along both legs of a
closed loop provides a better explanation: particles moving along the near leg make up the spike, those coming from
the far leg make up the hump, both legs contribute to the bidirectional streaming, and trapping in the loop accounts for
the slow decay of the particle density. Refined fits indicate a very low spectral index of turbulence, ¢ < 1, a parallel
mean free path of 1.2—2.0 AU, a loop length of 4.7 + 0.3 AU, and escape of relativistic protons from the loop on a
timescale of 3 hr. The weak scattering is consistent with reports of weak fluctuations in magnetic loops, while the low
g-value may indicate a smaller correlation length as well.

Subject headings: interplanetary medium — solar-terrestrial relations — Sun: coronal mass ejections (CMEs) —

Sun: particle emission

1. INTRODUCTION

The motion of solar energetic particles (SEPs) from the Sun to
the Earth is generally considered to be well understood in terms
of the transport processes of pitch-angle scattering (Jokipii 1966;
Bieber et al. 1994; Droge 2003), adiabatic focusing (Roelof
1969), solar wind convection, and to a lesser extent, adiabatic de-
celeration (Ruffolo 1995). However, the observations of rela-
tivistic solar protons by ground-based neutron monitors on 1989
October 22 have defied conventional explanations and proven
mysterious for 16 years. This solar event is an example of a
ground-level enhancement (GLE), an event involving a solar
flare and coronal mass ejection (CME), in which SEPs, mainly
protons, are accelerated to sufficiently high rigidity to penetrate
the Earth’s magnetic field and generate a shower in the atmo-
sphere, producing secondary neutrons in sufficient numbers to
be detected by ground-based neutron monitors in excess of the
Galactic cosmic-ray (GCR) background. GLEs are among the
most energetic solar events, occurring only 15 times during
the recent solar maximum period (events during 1997—-2005)
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and 15 times during the previous solar maximum period (events
during 1989-1992).6

GLEs are of practical interest because their prompt, intense
high-energy particle flux plays a role in space weather effects on
human activities in space and at high altitude in Earth’s atmosphere,
especially in polar regions. For example, the prompt component of
SEPs can account for the majority of satellite failures associated
with a solar event (L. Barbieri 2004, private communication) and is
a key radiation hazard to astronauts and air crews (Wilson et al.
2003).

Observations of relativistic solar protons during a GLE typi-
cally begin with a rapid, anisotropic onset, with most particles
moving anti-sunward along the interplanetary magnetic field.
Because of pitch-angle scattering, which eventually leads to spatial
diffusion, the distribution becomes more isotropic with time, and
gradually decreases (or “decays™) as particles diffuse out of the
inner heliosphere (Meyer et al. 1956). However, the GLE of 1989
October 22 had an extraordinary spike at onset, which was highly
anisotropic (Fig. 1). The event was also unusual in exhibiting a
second peak, which we call the “hump,” an hour after the initial
spike, followed by a very slow decay (Mathews & Venkatesan
1990; Bieber et al. 1990; Shea 1990; Duldig et al. 1993). These
features are displayed in Figure 2.

While the spike can be interpreted (Bieber et al. 1990) as the
“coherent pulse” predicted by focused transport theory (Earl
1976) for conditions of weak scattering (i.e., a long scattering
mean free path), the hump and slow decay have proven more
difficult to understand. Mathews & Venkatesan (1990) state that
“very unusual magnetic structures must have been present in

© A list of GLEs is available at http:/neutronm.bartol.udel.edu/~pyle/
GLE_ List.txt.
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Fig. 1.—Count rates of neutron monitors at McMurdo (Antarctica) and Thule (Greenland) late in 1989 October. These are two-minute averages with a standard
pressure correction to sea level. The detected neutrons are secondary cosmic rays generated by nuclear cascades in Earth’s atmosphere. The primary cosmic rays
initiating the cascades are predominantly protons. While the primaries are usually GCRs, this time period had three GLEs of relativistic solar protons, associated with X-class
flares at times indicated by “F.”” Times of shock passage at Earth are indicated by “S,”” which were followed by Forbush decreases in the GCR count rate. Because these
two neutron monitors view different directions in the sky, the major difference between the two traces for the October 22 GLE (inset) indicates an unusually strong

anisotropy in relativistic solar protons.

the interplanetary space near Earth at this time.”” On the other
hand, Shea & Smart (1997) consider propagation along a stan-
dard Archimedean spiral field and invoke two separate injections
of particles at the Sun. This interpretation is also employed by
Makhmutov et al. (2002). However, a detailed analysis of data
from the worldwide network of neutron monitors reveals bidi-
rectional fluxes in the hump (Cramp et al. 1997). The bidirectional
fluxes and slow decay are not explained in the interpretation of
Shea & Smart (1997). They are reminiscent of bidirectional flows
of electrons, which are a standard indicator of a closed magnetic
loop with footpoints at the Sun (Palmer et al. 1978; Bame et al.
1981; Richardson & Cane 1996). Indeed, Danilova et al. (1999)
associate bidirectional fluxes of relativistic solar protons in the
GLE of 1998 May 2 with a magnetic loop configuration.

A different line of reasoning was presented by Fliickiger et al.
(1993) and Cramp et al. (1997), who proposed a qualitative ex-
planation of the spike and hump in terms of transport under weak
scattering out to a “disturbed plasma region” beyond Earth that
scattered particles back. The outward component of the bidi-
rectional flow is attributed to an extended duration of injection
from the Sun. Actually, a more efficient type of backscattering is

mirroring by a magnetic bottleneck beyond Earth; Bieber et al.
(2002) show evidence for this process during the GLE of Bastille
Day 2000. Note that previous studies of the GLE of 1989
October 22, while presenting important ideas, have not performed
fits to the observed time profiles or mathematical modeling of the
transport of SEPs in interplanetary space, which can provide a
clear test of those concepts.

In the present work, we reexamine this extraordinary solar
event by analyzing data from nine polar neutron monitors. Each
provides the intensity of relativistic solar protons in a specific
direction, and we model the directional distribution to generate
time profiles of the omnidirectional density and weighted an-
isotropy, following a procedure similar to that of Bieber et al.
(2002, 20044, 2005). Next, we numerically solve an equation of
focused transport (Ruffolo 1991) for particle injection at the Sun,
considering various magnetic configurations that might explain
this mysterious data set. After fitting the data and optimizing the
injection profile at the Sun by the procedure of Ruffolo et al.
(1998), we find that the magnetic configurations of a standard
Archimedean spiral, a bottleneck beyond Earth, and a closed loop
with injection along one leg all fail to explain the data.
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Fic. 2.—Percentage increases of relativistic solar ions above the GCR background for the GLE of 1989 October 22 at five polar neutron monitors viewing different

directions in the sky.

Our key result is that we are able to explain all important
features of the data when considering simultaneous injection
along both legs of a closed interplanetary magnetic loop. Neutron
monitor data also indicate bidirectional fluxes of GCRs immedi-
ately before this event, an independent indicator of a magnetic
loop configuration (Richardson et al. 2000). Therefore, the data
can basically be explained in terms of the standard physical pro-
cesses of focused transport (e.g., Roelof 1969) for an unusually
long scattering mean free path and this special magnetic config-
uration. The only additional physical process is the escape of
particles from the magnetic loop, and indeed our estimate of the
escape time heralds a new type of information on the perpendic-
ular transport of energetic particles. We determine the injection
function near the Sun, spectral index of turbulence, interplanetary
scattering mean free path, and loop length. We discuss these re-
sults in the context of the recent literature on particle transport and
magnetic fluctuations in closed magnetic loops and other regions
of high Alfvén speed.

2. NEUTRON MONITOR OBSERVATIONS
2.1. Overview

Figure 1 shows an overview of time variations in relativistic
ion fluxes near Earth late in 1989 October. The data are from two
ground-based neutron monitor stations at McMurdo, Antarctica,
and Thule, Greenland, which detect secondary neutrons from
nuclear interactions of primary cosmic rays in Earth’s atmosphere.
The count rate of a neutron monitor is proportional to the primary
cosmic-ray flux, with a certain energy response, from a specific
region of the sky. The primary cosmic rays are predominantly
protons. Usually these are GCRs, but in this unusual time period
there were three GLEs of relativistic solar protons accelerated as a
result of flare/CME events at the Sun (indicated by “F” in Fig. 1).
To analyze the time profile of such an event, as in the present
work, we must subtract an estimate of the underlying GCR flux.

Note that the GCR flux itself can vary, and in particular Figure 1
shows multiple Forbush decreases in GCRs shortly after the ar-
rival of an interplanetary shock (indicated by “S”).

The event of interest, on October 22, is the second GLE in
Figure 1. This was associated with an X2.9 soft X-ray flare and
2B Ha flare from active region 5747 at heliographic coordinates
S27 W32 that peaked at 17:56 UT’ (as observed at Earth), as well
as a west-limb CME (Kahler 1993). We are also concerned with
the interplanetary conditions at GLE onset, including the pre-
ceding Forbush decrease associated with the October 19 solar
event. This was a huge 4B, X13.0 flare from the same active
region at S27 E10, peaking at 12:55 UT, which itself caused a
major GLE.

We analyze data from neutron monitors located near the
geomagnetic poles, a subset of the worldwide network of neu-
tron monitor stations, as a trade-off in which we choose a limited
set of data that offers a more direct measure of the directional
distribution of relativistic solar protons. On one hand, the Earth
acts as a magnetic spectrometer, allowing only higher energy
particles to reach more equatorial latitudes, so the worldwide net-
work provides information on the rigidity spectrum. However,
the high-latitude (“polar”’) neutron monitors have the lowest
geomagnetic rigidity cutoffs and thus the highest counting rates
for solar particles; furthermore, the South Pole station also pro-
vides an estimate of the spectral index (see § 2.3). We choose
to analyze data exclusively from polar stations for two further
reasons (Bieber & Evenson 1995). First, their rigidity cutoff is
determined by atmospheric absorption rather than the geomagnetic
cutoff. For this reason the monitors have essentially identical
energy responses, and there is no need to disentangle spectrum
effects from anisotropy effects. Second, the high-latitude monitors
have excellent directional sensitivity. For a typical solar spectrum,

7 Source: Solar-Geophysical Data (SGD), 1990 April, Part II.
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Fi. 3.—Geographic locations and asymptotic viewing directions of nine polar neutron monitors at the onset time of the 1989 October 22 event. Taking into account
the bending of particle trajectories in the Earth’s magnetic field, each neutron monitor measures the relativistic ion flux from specific asymptotic viewing directions,
shown for the median rigidity of 1.6 GV (squares) and for the central 50% of the detector response, 1.1-2.3 GV (lines). Two-letter station codes correspond to the first
two letters of the station name or the first letter of each word for a two-word name. Particles would be observed from the directions marked “®” and “®” when moving
directly away from or toward the Sun, respectively, along the nominal Archimedean spiral magnetic field direction.

the central 60% of detected particles arrive from a region span-
ning 50° or less. Thus the different profiles shown in Figure 2
for stations viewing in different directions in the sky can be
attributed to the anisotropy of particles in space. From the full
set of profiles for nine polar neutron monitors, we can directly
reconstruct the directional distribution of solar particles.

The nine polar neutron monitors we use (along with two-letter
station codes) are Apatity, Russia (AP); Cape Schmidt, Russia
(CS); Goose Bay, Canada (GB); Inuvik, Canada (IN); Mawson,
Antarctica (MA); McMurdo, Antarctica (MC); South Pole,
Antarctica (SP); Terre Adelie, Antarctica (TA); and Thule,
Greenland (TH). All except SP are near sea level. Taking ac-
count of the bending of particle trajectories in the geomagnetic
field, each neutron monitor measures the cosmic-ray flux from a
certain asymptotic viewing direction, which varies with time
and primary cosmic-ray energy (Fig. 3). Asymptotic directions
were computed with the aid of a trajectory code (Lin et al. 1995)
for 18:00 UT, near the start of the GLE. The trajectory code
employs the Definitive Geomagnetic Reference Field together
with the Tsyganenko (1989) model of Earth’s magnetosphere,
and it takes account of variations of the field with time of day
and with geomagnetic K, index, which was 5+ at event onset.

2.2. Galactic Cosmic Rays

Before discussing the analysis of the GLE of solar particles, let
us briefly examine the data on GCRs just before the solar event.
As seen in Figure 1, there was a Forbush decrease in GCRs start-
ing on 1989 October 20, associated with one or both of the shocks
arriving on that day (Cane & Richardson 1995), and the GCR flux
was still recovering when the relativistic solar particles arrived on
October 22. The second step of the Forbush decrease at ~10:00

UT of October 21 is likely to be associated with the arrival of
ejecta from the CME of October 19 (Cane & Richardson 1995).
According to Bavassano et al. (1994), the ejecta moved away from
Earth in the early part of October 22, after which there was a
strong unidirectional anisotropy.

Figure 4a shows the average count rate of the eight sea-level
polar neutron monitors from 12:00 UT of October 21 to 12:00 of
October 23. (South Pole data are omitted from this plot.) In
comparison with Figure 1, we see that the early part of Figure 4a
represents the GCR flux during the recovery phase of the For-
bush decrease, followed by the GLE onset at ~18:00 UT on
October 22. (We do not show data before 12:00 UT on October
21 because of possible “contamination” from the large GLE of
October 19.)

For the times before the GLE onset, Figure 45 shows the GCR
anisotropy in terms of the percent deviation of individual neutron
monitor count rates from the average rate (Fig. 4a) as a function
of pitch angle relative to the sunward magnetic field direction.
Each circle represents 1 hr of data for a single station, plotted at
the appropriate time and pitch angle. (Sometimes a large circle
obscures a smaller one, so fewer than eight stations are shown for
that hour.) Hourly averages of the actual magnetic field (or the
negative of it in the case of an “away” polarity field) are used to
compute pitch angle when available. When in situ magnetic field
data are unavailable, as is the case for the whole period after
15:00 UT on October 21, a nominal 45° Parker spiral field is as-
sumed, i.e., pitch-angle zero is for particles arriving from a GSE
longitude —45°.

The most striking feature of Figure 4b is the strong unidi-
rectional anisotropy on October 22 noted by previous authors.
This is evidenced by the large green circles at pitch angles above
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FiG. 4.—(a) Average hourly counting rate for eight sea-level polar neutron monitors (colored lines) along with the omnidirectional average (heavy black line) from
1989 October 21, 12:00 UT to October 23, 12:00 UT. (b) Anisotropy of GCRs before the GLE onset, where the radius of a green (red) circle indicates the positive
(negative) percentage deviation from the average in (@). (c) Bidirectional anisotropy, the residual when subtracting a dipole anisotropy from (b), is associated with a

closed magnetic loop configuration.

100°, indicating that stations viewing anti-sunward relative to
the nominal spiral observed intensities more than 2% above the
mean, while stations with small pitch angles observed intensities
about 2% below the mean. Presumably this strong unidirectional
anisotropy occurs because GCRs are refilling the inner helio-
sphere during the recovery phase of the Forbush decrease, fol-
lowing departure of the CME ejecta.

Figure 4c is similar to Figure 4b, except that here the dipole
anisotropy (or first-order anisotropy) has been subtracted from
the data. The residual after subtraction then represents higher
order anisotropies present in the data. The important feature of
Figure 4c is that there is noticeable bidirectional anisotropy after
12:00 UT on October 22, just before the GLE onset. The char-
acteristic feature of bidirectional flow is that intensities are sup-
pressed near 90° pitch angle and are elevated at both 0° and 180°.
In the figure this is evidenced by comparatively large red circles
(suppressed intensity) in the middle of the plot, with green circles
(elevated intensity) on either side. The bidirectional flow is quite
strong in comparison with the low or undetectable bidirectional an-
isotropy generally found in undisturbed interplanetary conditions.

Richardson et al. (2000) have shown that such bidirectional
flows of GCRs are associated with a magnetic loop configura-
tion. CMEs and their interplanetary ejecta are known to often

remain magnetically connected to the Sun by large-scale closed
magnetic loops. Because the actual ejecta, as defined by physical
properties of the plasma such as a depressed proton temperature
(Richardson & Cane 1993), have a limited radial extent, the
“legs” of closed magnetic loops that connect back to the Sun
must include substantial regions of more normal plasma that does
not bear the physical signatures of ejecta. (Unfortunately, plasma
data from the Interplanetary Monitoring Platform 8 spacecraft,
which indicated the presence of ejecta up to the start of October 22,
were unavailable thereafter; see Richardson et al. 2000.) Thus the
bidirectional anisotropy of GCRs preceding the GLE of October
22 is best explained if the Earth was inside a closed magnetic
loop configuration, although perhaps not inside the ejecta from the
October 19 event but instead in one leg connecting back to the Sun.

2.3. Relativistic Solar Protons

To analyze the distribution of relativistic solar protons, the
total count rate from each polar neutron monitor was corrected
for atmospheric pressure variations using separate absorption
lengths for Galactic and solar particles. For the latter we adopt a
value of 100 g cm™2 as generally found in prior studies (Duggal
1979). Data from all stations were formatted to a common ca-
dence of 5 minutes and corrected to a common standard pressure
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of 760 mm Hg. We thereby obtain the percentage increase of
each counting rate over the GCR background, which was mod-
eled by fitting a linear trend to the hourly density (Fig. 4a, heavy
dark line) over the interval 00:00—18:00 UT on October 22.

Information on the spectrum of relativistic solar protons was
obtained by comparing the count rate of the South Pole neutron
monitor with the count rate of a nearby “Polar Bare” set of
neutron counters that lack the usual lead shielding of a standard
NMo64 detector system (Bieber & Evenson 1991). The count
rates and their ratio are shown in Figure 5. As shown in the top
panel, the Polar Bare is relatively more sensitive to low-energy
primaries, and it records a higher percentage increase than the
standard NM64 owing to the soft spectrum of solar cosmic rays.
With the aid of yield functions provided by Stoker (1985), the
Bare/NM64 ratio can be translated into a spectral index. We as-
sume a differential rigidity spectrum of power-law form (P~
with P the rigidity and ~y the spectral index) with an upper cutoff
at 20 GV. The inset scale on the left side of the lower panel shows
the spectral index implied by the corresponding Bare/NM64 ratio.
Error bars include both a random component and a systematic
component from the uncertainty of the Galactic background. In
addition, during the spike there could be a small systematic error
of up to 0.6 in the spectral index estimate, due to the strong an-
isotropy and the different Bare and NM64 asymptotic directions
(Bieber & Evenson 1991; Cramp et al. 1997).

For comparison, the results from the previous analysis of
Cramp et al. (1997) using data from neutron monitors at different
cutoff rigidities are shown by open circles. Each open circle in-
dicates an estimate for a 5 minute interval. The overall agreement
is remarkable, and it improves our confidence in both techniques.

The dramatic variations in -y with time at the start of the GLE
are correlated with changes in the particle flux. They are due to
rigidity dispersion during the onset of the spike, end of the spike,
and onset of the hump. For example, as the “spike” of particles
arrives from the Sun, faster particles arrive first, so there is a
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lower spectral index while the flux rises. When this pulse of par-
ticles passes beyond Earth, the faster particles leave first, resulting
in a higher spectral index when the flux declines. Since the time
variation in the spectrum of particles arriving at the Earth is
qualitatively explained by such dispersion effects, the spectrum
injected at the Sun may well be constant, and is assumed so for
simplicity. We adopt a spectral index of 5.9 for the solar proton
spectrum. This implies that the median rigidity detected by a polar
neutron monitor is 1.6 GV, and the central 50% of the detector
response is for ions of 1.1-2.3 GV.

As discussed in § 2.1, the time profiles of nine polar neutron
monitors directly provide the time-dependent distribution of par-
ticles in nine viewing directions. This information on the direc-
tional distribution is to be compared with transport modeling
of the distribution of particles in time, position, momentum, and
pitch angle. To do so, we need to assign a pitch angle to the
viewing direction of each neutron monitor. For particles of much
lower energy, the pitch angle could safely be defined with respect
to the local magnetic field. However, there is a gap in measure-
ments of the solar wind speed and magnetic field in the OMNI
database maintained by the US National Space Science Data
Center between 1989 October 22, 02:00 UT and October 26,
18:00 UT (see Fig. 1 of Cane & Richardson 1995). Furthermore,
it should be noted that a 2 GV proton has a Larmor radius of
about 0.01 AU, on the same order as the coherence length of
interplanetary magnetic turbulence (x0.02 AU), so it is not clear
that the particle orbits should be organized around the instanta-
neous magnetic field measured at the point of observation. In
practice, energetic particles in interplanetary space are typically
found to exhibit distributions with an axis of symmetry, and
Bieber & Evenson (1987) showed that even for ~50 MeV pro-
tons, the axis of symmetry fluctuates randomly about the mea-
sured field direction. Therefore, a standard approach is to find
an empirical axis of symmetry and to define the pitch angle with
respect to that for a comparison with the transport modeling.

It is clear that an interpretation of the directional distribution
of energetic particles requires some modeling, at least to deter-
mine the axis of symmetry. Furthermore, it would be difficult to
fit the station data directly, as they have correlated uncertainties
in the pitch angle, an independent variable, due to the uncer-
tain axis of symmetry. Therefore, we characterize the directional
distribution in terms of the omnidirectional average intensity or
“density” n and the weighted anisotropy s (product of density
and dipole anisotropy, also the first-order Legendre coefficient).
In terms of the cosmic-ray directional intensity, f(u), the density
and weighted anisotropy are defined as

+1
= [ rundn, (1a)
-1
3 +1
=5/ G (1b)

where p is pitch-angle cosine relative to the axis of symmetry.
The quantities » and s have the same units as f(u), which in the
analysis of GLEs is often expressed as a “percent increase”
relative to the pre-event Galactic background. Throughout this
article, we refer to n as the “density” because it has the same time
profile as the true density up to a constant scaling factor. Note
that the ordinary dipole anisotropy £ can be expressed in terms of
n and s as £ = s/n. In model refinements in § 4.2, we also fit the
curvature of the pitch-angle distribution, defined as the second-
order Legendre coefficient.
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Figure 6 shows the density, dipole anisotropy, weighted an-
isotropy, and GSE longitude and latitude of the axis of symmetry
for fits to four models of the pitch-angle distribution at each time:

S(W) =ao+aip, (2a)
S(p) =ao + ai exp (bp), (2b)
100 =ao-+ a3 - 3) 20)
S () = ao + ay exp (bp) + az exp (—bp), (2d)

where {a;} and b are fit parameters. These represent, respectively,
a first-order Legendre polynomial, exponential plus constant,
second-order Legendre polynomial, and two exponentials plus
constant. The latter two are expected to provide better fits to
bidirectional fluxes. Note that for equations (2a) and (2¢), a,
and a, are directly interpreted as n and s, respectively, whereas
for equations (2b) and (2d), n and s must be computed by per-
forming the integrals in equations (1a) and (15).

Our results for the axis of symmetry are reasonably consistent
with those derived by Cramp et al. (1997) for neutron monitors
with a variety of cutoff rigidities. With the exception of the spike
period of 17:55—18:10 UT (to be discussed shortly), results for our
four models are reasonably similar for the density and weighted
anisotropy, which are then taken as data to be fit to determine the
optimal transport model and injection function of relativistic solar
protons. For 18:10—19:30 UT, the fitting in § 4.1 uses the average
density and weighted anisotropy for these four models. The stan-
dard deviation among the four models over 18:15—-19:30 was used
to estimate the uncertainty in the density and weighted anisotropy
data for these time intervals. The uncertainties for 18:10—18:15
are evidently greater and were estimated from the standard devi-
ation among the four fits for this single 5 minute interval. At 19:30
there is an abrupt change in the axis of symmetry. Note that as the
weighted anisotropy becomes smaller, the inferred axis of sym-
metry tends to fluctuate substantially.

We do not mean to imply that the directional distribution is
completely described by specifying the density and weighted
anisotropy, or indeed by the model functions we have chosen.
The reason for extracting the density and weighted anisotropy is
that, in practice, these two quantities adequately discriminate
between correct and incorrect scenarios of interplanetary trans-
port. (For example, the anisotropy can constrain the mean free
path of interplanetary scattering.) As a check, we take the trans-
port model and injection function that best fit the density and
weighted anisotropy profiles and examine the complete pitch-
angle distribution produced by the model, in comparison with
the pitch angle and count rate at individual stations for various
time intervals. In previous analyses for other GLEs, we have
found that models that fit the density and weighted anisotropy
profiles generally also provide an adequate representation of the
observed pitch-angle distributions (Bieber et al. 2002, 2004a).

During the time of the initial spike with high anisotropy,
17:55—18:10 UT, only two neutron monitor stations, MC and SP,
registered a noticeable increase in count rate (see Fig. 2). Thisis a
special case where the directional distribution is so narrow that a
large portion could fall in the “holes” in our directional coverage
(see Fig. 3). This is why the density and weighted anisotropy
estimates vary so widely among the four models. For this time
period, we therefore determine lower limit values for the density
and weighted anisotropy by fitting the station data to an exponen-
tial function of the pitch-angle cosine, subject to the constraint that
McMurdo station was forced to have a pitch angle of 0°. This

procedure provides a valid lower limit, because the exponential
function is monotonic and because McMurdo observed the larg-
est increase of all the stations during this interval. Any fit with
McMurdo at nonzero pitch angle would necessarily yield a higher
density and weighted anisotropy than the fit with McMurdo at 0°.
These lower limits are enforced when fitting time profiles.

3. MODELING OF TRANSPORT AND INJECTION
3.1. Interplanetary Transport

This section describes how we fit the density and anisotropy
profiles extracted from these nine polar neutron monitors by sim-
ulating the interplanetary transport of solar protons and then de-
termining the optimal injection function near the Sun for each
magnetic field model. We first solve a transport equation that takes
into account pitch-angle scattering and adiabatic focusing (Ruffolo
1991) using the numerical method of Nutaro et al. (2001). The in-
terplanetary transport of charged particles can also be affected by
solar wind convection and adiabatic deceleration (Ruffolo 1995).
We could neglect these processes in comparison with scattering
and focusing because the solar wind speed is much slower than the
speed of relativistic particles (by a factor of 500). Similarly, we
could neglect the Compton-Getting transformation (Compton &
Getting 1935) of the pitch-angle distribution from the solar wind
frame, in which it is calculated, into the Earth’s reference frame,
which has a negligible effect on the anisotropy for the relativistic
particles considered here. In our simulations we include these
effects for spiral and bottleneck configurations, but neglect them
for the loop configuration to avoid specifying the precise shape of
the magnetic field line as would be required to properly describe
those minor effects. We note that the present numerical method
can reproduce the results of Ruffolo (1995), which have also been
reproduced by independent numerical techniques (Hatzky et al.
1997; Lario et al. 1998; Kocharov et al. 1998).

The transport equation governs the time evolution of the
particle distribution function F(¢, i, z, p), where ¢ is time, p is the
pitch-angle cosine, which determines the velocity component
along the magnetic field, v, = uw, z is the arclength along a
magnetic field line from the Sun, and p is the particle momentum.

In other words, we determine the directional distribution of
particles at all locations along the local magnetic field line, as a
function of time and for each rigidity (momentum) of interest.
The initial condition is that particles are initially close to the Sun,
corresponding to an instantaneous injection. The simulation re-
sults are then convolved with an injection function (see § 3.2),
i.e., a time profile of particle release near the Sun. The particles
are taken to be protons. In reality the neutron monitor responds to
any primary cosmic-ray ions with a rigidity-dependent yield
function, and there is a small admixture of other ions in SEPs.
However, the interplanetary scattering mean free path is com-
monly viewed to be a function of rigidity alone, and velocity dis-
persion is a minor effect at relativistic energies, so viewing GLE
ions of a given rigidity to be protons does not have a major effect
on the transport calculation. In order to represent the momentum
distribution of the primary relativistic protons to which the neu-
tron monitors are responding, we perform simulations for mo-
mentum values corresponding to the Sth, 15th, . . ., 95th percentile
rigidities for the spectral index of 5.9. Results for these 10 mo-
mentum values are averaged to determine the density, weighted
anisotropy, and curvature expected near the Earth. For the pitch-
angle scattering coefficient, we use the standard parameterization
Alp|*"(1 — p2) and relate 4 to the scattering mean free path A
as described by Ruffolo (1991). In the context of standard qua-
silinear theory, ¢ is identified with the spectral index of the power
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spectrum of interplanetary turbulence (Jokipii 1971). We ini-
tially use a value of ¢ = 1.5, which was found to provide a good
fit to the GLE of 2000 July 14 (Bieber et al. 2002). This is also in
the range of 1.3—1.7 inferred by Bieber et al. (1986) for lower
energy particles. On the other hand, the value of ¢ = 1.0 pro-
vided a better fit than ¢ = 1.5 for pitch-angle distributions
measured during the GLE of 2001 April 15 (Bieber et al. 2004a).
In refinements to the fits (§ 4.2) we allow this parameter to vary.

In this analysis, we consider three types of magnetic field con-
figurations, corresponding to different ideas as discussed in § 1.
These configurations are illustrated in Figure 7. Note that the key
transport processes are scattering and focusing, and while scat-
tering depends on small-scale, turbulent magnetic fluctuations,
focusing depends on the large-scale magnetic field configura-
tion. The strength of focusing is proportional to 1/L, defined by

1 1dB

= 3

L Bdz’ (3)
where L is called the focusing length. Therefore, the key property
of each magnetic field configuration, in terms of the particle trans-
port, is the dependence of 1/L on z, the distance along the magnetic
field from the Sun. The magnetic field configurations are as follows:

1. The standard Archimedean spiral configuration (Parker
1958) for open field lines carried out by the solar wind (Fig. 7a).
The inverse focusing length is given by

1 R(*+2R) )

L (2 + R2Y?

where R = vg,/(£2 cos 0), (1 is the sidereal angular frequency of
solar rotation (derived from a synodic period 0f26.75 days; Bai
1987), and 0 is the Earth’s heliolatitude (with respect to the solar
equator) or 5°N for this event. For the solar wind speed, we
adopt the value of 600 km s~ after the data gap in solar wind and
magnetic field measurements (1989 October 26 at 18:00 UT)
as characteristic of the fast solar wind speed throughout late
October. (The value of 800 km s~ ! preceding the data gap, near
the start of October 22, was temporarily elevated due to the CME
passage around that time.) We therefore estimate R to be 1.38 AU.
In this magnetic field configuration, the only free parameter is the
radial mean free path, A.. Previous authors suggest that it is real-
istic to take 4, to be constant in position (Palmer 1982; Beeck et al.
1987; Kallenrode et al. 1992; for a comparison with constant-/;
fitting, see Ruffolo et al. 1998). Note that the parallel mean free
path is given by 4| = Jrlcos1h, where 1) is the “garden hose”
angle between the field line and the radial direction, given by
cos ¥ = R/(* + R%)"?. Thus in this model /) varies with posi-
tion, and at Earth (» = 0.995 AU) we have /| = 1.524,.

2. A magnetic bottleneck beyond Earth (Fig. 7). Such a
configuration provided a good fit to polar neutron monitor data
for the 2000 July 14 GLE (Bieber et al. 2002). The local field line
is still taken to follow an Archimedean spiral. The difference is
that we now consider a compression in (In B) of Gaussian form

r —1p)
In B = (In B) o, + 1 €XP [—7 ,
1 d 1 r—rp (r = ro)
e Y mB=(2 _Y T
L dz n (L)Arch—i—77 cos ¥ o? P { 202 |’

(5)

where “Arch” refers to values for an uncompressed Archimedean
spiral field, r, is the heliocentric distance at the center of the
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Fic. 7.—Three magnetic field configurations considered in this work: (a) stan-
dard Archimedean spiral, (b) magnetic bottleneck beyond Earth, and (c) closed
interplanetary magnetic loop, injecting particles along the near leg of the loop
that undergo reflection in the far leg, or injecting particles along both legs of the
loop. Configurations b and ¢ could be caused by a previous CME. The only case
that provides a good fit to the data is injection along both legs of a closed inter-
planetary magnetic loop.
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bottleneck, o is a measure of the width of the bottleneck, taken to
be 0.05 AU, and the amplitude 7 is chosen so that the discrete sum
offocusing occurring at each grid point corresponds to the desired
reflection coefficient (RC) for an isotropic distribution. Thus the
free parameters are /,, rp,, and RC.

3. A closed interplanetary magnetic loop (Fig. 7c). Note that
as discussed above, there is no need to specify the detailed shape
of the loop, e.g., it could be coiled as in a magnetic cloud. The
physical requirements for a loop of length / are

2
—~— 0 6
2wz, ©)
asz — 1, (7)

to be consistent with a nearly radial field near the Sun, and

dB 1 l
E—O and Z—O forz-E (8)

for symmetry. We satisfy these requirements with the function

()

Since the cross-sectional area of the loop A is inversely pro-
portional to B, we have 1/L = (dA/dz)/A and A < sin’(nz/l). In
order to avoid further constraining the shape of the field line, we
do not relate the distance z along the loop to the radius ». There-
fore, we use the parallel mean free path 4, taken to be constant
for simplicity, and the free parameters for this configuration are
/4 and [. (We also tried varying the distance along the field from
the Sun to the observer, z,,s). We have considered injection along
either one leg of the loop or both legs of the loop.

Note that the bottleneck and loop configurations would corre-
spond to disturbances by a previous CME. Indeed, as discussed
earlier, a flare/CME event from the same active region on 1989
October 19 produced a large GLE and has also been associated
with a CME-driven shock that arrived at Earth on October 20 at
~217:00 UT and the subsequent Forbush decrease in GCRs (Cane
& Richardson 1995). That Forbush decrease persisted until the
onset of the October 22 GLE, and in § 2.2 we showed bidirec-
tional anisotropies in GCRs that support the model of a loop
configuration at the time of GLE onset. Thus there was a major
CME-related disturbance of the interplanetary medium shortly
before the October 22 GLE, which could have either distorted
the fields as in the bottleneck scenario or enveloped the Earth in a
magnetic loop, perhaps in one of the legs of nearly radial mag-
netic field connecting the CME back to the Sun.

3.2. Fitting to Time Profiles of Density and Anisotropy

For a given magnetic field configuration and transport model
parameters, we simultaneously fit the time profiles of density and
weighted anisotropy to determine the optimal piecewise linear
injection function. In model refinements (§ 4.2) we simulta-
neously fit the curvature, as another type of anisotropy. The injec-
tion function is defined as the rate at which particles are injected
at a solar footpoint of the Sun-Earth magnetic field line as a func-
tion of time. We evaluate the goodness offit with a x? statistic and
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thereby determine the optimal transport parameters and magnetic
field configuration. Bieber et al. (2002) compared results for the
GLE 0f 2000 July 14 from this procedure with independent sim-
ulation and fitting techniques, and found close agreement.

The estimation of the injection function is a type of inversion
problem, in which the data measured at Earth are the known
“response” of the transport process. The response is viewed as
a convolution between a Green’s function for an instantaneous
(6-function) injection, which we determine by the transport sim-
ulations described above, and the injection function. The in-
version problem is to determine a best-fit injection function, and
we should remark on the general requirements for this fitting
procedure. The convolution is only valid if the conditions of inter-
planetary transport are independent of time. This is not valid when
the data are strongly affected by transient changes in local inter-
planetary conditions. In data with multiple energy channels, local
transients can often be identified as affecting all channels simul-
taneously, while transport effects tend to be energy dispersive.
For example, the spectral variations for the 1989 October 22
GLE at spike onset and hump onset (Fig. 5) indicate energy-
dispersive transport effects. At lower energies, the time profiles
of 24-210 MeV SEP proton density presented by Nemzek et al.
(1994) are dominated by a sudden, nondispersive decline in
various energy channels (see further discussion in § 5). Such
profiles are not amenable to the present type of analysis.

Furthermore, the source location is taken to be fixed, a good
approximation only so long as the source remains near the Sun.
For gradual flare/CME events, there is strong evidence that es-
caping SEP ions of moderate energy are not produced deep in-
side the solar corona, but rather are accelerated at traveling
CME-driven shocks (Mason et al. 1984; Lee & Ryan 1986;
Reames 1990; Ruffolo 1997). Therefore, when we fit data for
gradual events, which include all GLEs, a check on the validity
of the method is that the resulting injection function should be of
sufficiently short duration that the shock was still near the Sun.
High-energy SEPs such as those considered in the present work
are generally injected quite close to the Sun (e.g., Cliver et al.
2004). This condition can be invalid for low-energy SEP ions
from gradual events, which can be continuously accelerated
throughout the motion of the shock from the Sun to Earth.

In practice, the transport involves random processes that
spread out the distribution, so one can determine at best a small
number of injection parameters. A piecewise linear injection
function is chosen to provide a flexible shape for the injection
function and for computational efficiency. The fit parameters are
the injection amplitudes {a;} at joint times #; = fy + 2"~ !7. The
number of joint times, amplitudes, and uncertainties are deter-
mined by linear least-squares fitting (Ruffolo et al. 1998) for a
grid of trial values ¢y and 7.

A special consideration in fitting the density and weighted
anisotropy as a function of time on 1989 October 22 is that for
three data intervals (17:55—18:10 UT) during the density spike
only lower limits are available for these quantities. We also en-
force a minimum dipole anisotropy of 2.0, as suggested by the
data in Figure 6. Each of these limits was enforced after the least-
squares fitting to other data points by adding a penalty of 10° to
the x? value when the limit was violated. One problem with
using lower limits that only partially constrain the onset is that
the fit may “cheat” by injecting the particles too early. We
therefore padded the data with three intervals of zero values
before the spike period, assigning uncertainties as for later times,
which serve to prevent a premature onset. For the initial analysis
of § 4.1, only joint times before 18:12 UT are considered.
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4. RESULTS
4.1. Magnetic Field Configuration

In our initial analysis, we fit the density and weighted anisot-
ropy profiles to find a magnetic field configuration and transport
parameters that can explain five special features of the 1989
October 22 GLE:

1. The strongly anisotropic spike in density of very short du-
ration, from 17:55 to 18:15 UT.

2. The dip in density to a low value at 18:15-18:20 UT.

3. The rapid onset of a large hump in density at 18:20—
18:30 UT.

4. The weighted anisotropy near zero at hump onset, which
actually corresponds to bidirectional flows (Cramp et al. 1997).

5. The very slow decay of the hump.

To address these key features, this part of the analysis is limited
to data before 19:30 UT. For a manageable optimization problem,
we fix various quantities that are not directly relevant to the
magnetic configuration. For example, we fix the value of ¢ to 1.5
(see § 3.1), as this mainly affects the detailed pitch-angle distri-
bution, and allow this to vary in refined fits in the next section. We
do not fit the curvature of the pitch-angle distribution in this
section, as that information is mainly relevant to constraining q.

Figures 8 and 9 show the simulation results for an instanta-
neous injection near the Sun, as well as the fit to the data after con-
volution with the best-fit injection function. The various panels
are for the best-fit transport parameters for different magnetic
field configurations, or for the case of a closed magnetic loop, for
injection along one or both legs. The simulated profiles in Fig-
ure 8 are summed over the 10 percentile rigidity values used to
represent the neutron monitor response (§ 3.1), giving rise to the
artificial multiple peak structure within the spike. The profiles
could be smoothed by simulating for a larger number of per-
centile rigidity values, but the data for this event are in 5 minute
intervals and the injection has a duration of several minutes, so
the present simulations provide sufficiently smooth fit profiles
to analyze these data. In all cases the simulation results (Fig. 8)
are in units of protons cm™2 sr~! s7! MeV~! per injection of
1028 protons MV~! per unit solid angle in solar latitude and
longitude, and the fits and data (Fig. 9) are expressed as a percent-
age of the GCR background flux at the start of the GLE. Table 1
provides the x? values, degrees of freedom, and best-fit transport
parameters.

The first configuration is an Archimedean spiral magnetic
field (Parker 1958; see Fig. 7a), which applies in the undisturbed
solar wind, allowing the possibility of multiple injections (Shea
& Smart 1997). The strong anisotropy of the spike requires a
long mean free path, for which a highly anisotropic distribution
passes by the detector leaving nearly no density at late times
(Figs. 8a and 8b). Even when convolved with an extended in-
jection function, this model is unable to explain the hump of high
density and nearly zero weighted anisotropy (Figs. 9a and 9b),
yielding a high x? value.

The second configuration is a magnetic bottleneck beyond
Earth (Fig. 7b), as inferred for the GLE of 2000 July 14 (Bieber
et al. 2002), which is similar to the suggestion of Cramp et al.
(1997) that a fraction of the particles were reflected back by a
region of enhanced scattering beyond Earth. Physically the re-
flection coefficient (RC) cannot be greater than one. This model
has trouble producing enough backscattering to account for the
strong density in the hump, favoring the maximum RC value of
0.99 with a very large density and weighted anisotropy in the
spike (not ruled out by our data, which are lower limits at those

times). Note that the reflection coefficient RC is formally defined
for an isotropic distribution; for the anisotropic distribution of an
outgoing coherent pulse, particles are preferentially in the loss
cone near zero pitch angle and the reflection is actually less than
RC. Assuming conservation of the magnetic moment, we have
RC = (1 — By/By)'"?, where B,/B, is the magnetic field enhance-
ment at the bottleneck, so RC = 0.99 implies B,/By =~ 50, an
unreasonably large value. We consider that the optimal fit for
RC = 0.99 may instead indicate a completely reflecting config-
uration such as a loop. For a physically reasonable bottleneck, we
restrict the bottleneck configuration to RC < 0.95 or a magnetic
field enhancement of B,/By < 10.2. The fits again favor the
maximum value, RC = 0.95, with results as shown in Figures 8c,
84, 9¢, and 9d. The 2 value at RC = 0.95 is over twice that for
RC = 0.99 (see Table 1), mainly because the leakage of par-
ticles through the bottleneck leads to an excessively fast density
decline. These results suggest trying a closed magnetic loop
configuration in which particles can be trapped, at least in terms
of transport parallel to the mean field.

Next we consider a closed interplanetary magnetic loop, as
indicated by the bottleneck fitting and bidirectional anisotropy of
relativistic solar protons, as well as the bidirectional anisotropy
of GCRs prior to the GLE (§ 2.2). We initially thought in terms
of injection along one leg of the loop, with the hump due to fo-
cusing (mirroring) of particles by the converging magnetic field
lines near the solar footpoint of the far leg (see Fig. 7¢). To our
surprise, the fits clearly distinguished this configuration from a
perfectly reflecting bottleneck. The difference is that the bottle-
neck changes the pitch-angle cosine from p to —p over a very
short distance, and a coherent pulse of SEPs can be reflected
intact, whereas the loop has focusing that gradually increases as
particles move toward the Sun. In the absence of scattering, par-
ticles reflect after penetrating to a u-dependent mirror point. We
varied zy,,, the distance along the field from the injection foot-
point to the observer, and the fits strongly favor the minimum
value of 1.1 AU as for an Archimedean spiral. Best-fit results are
shown in Figures 8e, 8f, 9¢, and 9f. Interestingly, the best fit gave
a x? value 70% larger than that for the bottleneck with RC =
0.99. The key problem is that the fits give a strong, negative
weighted anisotropy at the hump onset, which is not observed.

Thus those three scenarios fail to provide a good fit to the data
for reasonable parameters. A better fit is obtained for a bottleneck
with RC = 0.99, the physically unreasonable case of a nearly
perfect magnetic mirror in interplanetary space. However, one
scenario that is equivalent to 100% magnetic mirroring is to
inject particles simultaneously along both legs of a magnetic
loop. If the loop and injection are symmetric around z = //2, then
a particle passing the midpoint of the loop with x is matched by
one passing the other way with — .. Mathematically, the distribu-
tion function behaves as if there is perfect mirroring at the half-
way point; physically, the spike corresponds to particles injected
along the near leg and the hump to particles from the far leg.

Based on our experience for the loop with injection along one
leg, we fix z,,s to be 1.1 AU. The best-fit transport parameters are
4 = 2.5AUand/ = 4.0 AU. Although the scenario of injection
along both legs of a loop is conceptually similar to a bottleneck
beyond Earth with 100% reflection, and the fit value for /2 is
similar to that for r,, there are differences in the details (e.g.,
1/L = 0 at z = /2 for a loop, but not at r,, for a bottleneck), and
the best-fit loop model has a x? that is 3 times lower. In Fig-
ures 8g and 8/ the thin lines indicate simulated profiles for each
injection, which are added to form the Green’s function for fitting
(thick lines). This model has a strong hump and also a slightly
negative weighted anisotropy at hump onset, which is then offset
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Fic. 8.—Simulations of density (left panels) and weighted anisotropy (right panels) in arbitrary units as a function of time after an instantaneous injection at the Sun,
for (a—b) a spiral magnetic field, (c—d) a magnetic bottleneck beyond Earth, (e—f') injection along the near leg of a closed interplanetary magnetic loop, and (g—#) equal
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magnetic field, (c—d) a magnetic bottleneck beyond Earth, (e—f") injection along the near leg of a closed interplanetary magnetic loop, and (¢g—#) equal injection along
both legs of a closed interplanetary magnetic loop, the only case that provides a good fit to the data.
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TABLE 1
Fit PARAMETERS FOR VARIOUS MAGNETIC FIELD CONFIGURATIONS

TRANSPORT PARAMETERS?

CONFIGURATION X2 DEGREES OF FREEDOM . p RC A 1 Zobs
Archimedean spiral............. 19,814.4 32 1.6 e ..
Bottleneck, RC < 0.99....... 309.9 30 2.0 1.9 0.99
Bottleneck, RC < 0.95....... 657.3 30 22 1.9 0.95
Loop, one-leg injection....... 521.2 31 35 2.6 1.1
Loop, two-leg injection ...... 97.4 31 2.5 4.0

? In units of AU, except RC (reflection coefficient), which is dimensionless.

by continued injection along the near leg to produce bidirectional
fluxes of nearly no net weighted anisotropy, as in the data. The
optimal fit is visually superior to that for other configurations
(see Fig. 9) and matches the five key features of the data.

4.2. Model Refinements

Given that the above fits strongly favor a closed interplanetary
magnetic loop with injection along both legs, we now ask what
further information can be extracted from the data by refining our
models to be more physically accurate. On a longer timescale,
Figures 1 and 2 indicate that the density eventually does decay
with a nearly exponential profile (see also Mathews & Venkatesan
1990). This indicates that an escape mechanism should be in-
cluded in our transport model, with an escape time 7. fit to the
data. Physically, the escape of particles from the loop could result
from transport perpendicular to the mean (large-scale) magnetic
field. For simplicity, we include a uniform loss rate 1/T, and
then we can fit a longer span of the data. (Note that if the late-time
data were included in the analysis of the previous section, the
least-squares fitting would be dominated by the many data points
in the exponential decay, rather than addressing the five key fea-
tures of interest.) A simple exponential fit to the decay yields
Tesc = 180 minutes, a value confirmed in fits to the full data set.

According to our usual procedure, we also examine pitch-
angle distributions for the nine polar neutron monitors, which are
indeed the raw data from which the density and weighted an-
isotropy are extracted. To do so, we select one of the four models
of the directional distribution. We choose the second-order
Legendre polynomial model because it is generally consistent
with most other models and should be able to model bidirectional
fluxes. Again, the aim is not necessarily to completely model the
directional distribution, but rather to extract parameters appro-
priate for fitting.

Pitch-angle distributions at selected times are shown in Fig-
ure 10. (Note that meaningful distributions are not obtained
during the spike, for which only two monitors registered an
enhancement.) The peak near pitch-angle cosine . = 1 persists
up to 19:35 UT, clearly indicating fresh injection up to 19:25 at
the Sun (see also Cramp et al. 1997). At 19:35 UT the observed
pitch-angle distribution abruptly changes to be nearly isotropic,
possibly with loss-cone features (dips) near ¢ = —1 and 1 (see
Fig. 10f"). Apparently the injection was cut off sharply at ~~19:25,
a feature that we now incorporate in the fitting program. Simul-
taneously, the density and curvature determined by the second-
order Legendre model abruptly declines and then the density enters
its exponential decay phase (Fig. 11).

The pitch-angle distributions can also indicate the proper
value of ¢, which appears in the parameterization of the pitch-
angle scattering coefficient (1) = A4|u|?”'(1 — 4i2), a formula
from standard quasilinear theory where g is the spectral index of

turbulence (see § 3.1). Previous work has found that the clearest
indication of ¢ is in data during the late phase of injection, where
the directional distribution is in a near steady state. In general,
pitch-angle diffusion tends to make @OF/Ou a smooth function
of u, so where ¢ is large the gradient is small, and vice versa.
Thus g = 1.5, for which ¢ is small and OF/0y is large for p near
zero, can model the step in the intensity j near ;1 = 0 for the GLE
on 2000 July 14 (Bieber et al. 2002), while g = 1 gives a smooth
variation through p = 0 for 2001 April 15 (Bieber et al. 2004a).
In Figure 10 the profiles for 19:20 UT (panel d) and 19:25 UT
(panel e) show a nearly flat distribution through u = 0, with
freshly injected particles highly collimated near yx = 1, which
could indicate a value of ¢ < 1. To our knowledge, a value of
g < 1 has never been previously inferred from time variations of
SEP distributions.

To determine appropriate values of ¢, in addition to fitting the
density and weighted anisotropy, we can simultaneously fit the
curvature in the pitch-angle distribution. (Recall from § 2.3 that
these three quantities are the three coefficients in a second-order
Legendre polynomial fit.) For example, at the start of the hump,
over ~18:30—19:00 UT, the density and near-zero weighted
anisotropy are consistent with a flat (isotropic) distribution,
whereas in reality there were bidirectional flows, as shown in
Figures 4a—4c. By including the curvature, we demand that a
good fit should reproduce the bidirectional flows. The fit then
better addresses the shape of the pitch-angle distribution and is
appropriate for examining the effect of g.

For each value of ¢, simultaneous fits to the density, weighted
anisotropy, and curvature as a function of time yield the optimal
injection function and transport parameters A and /. Results for
g = —1, 0, and 1 are shown in Table 2 and Figure 11. It is seen
that ¢ = 1 provides a noticeably worse fit, especially to the
curvature throughout the hump and weighted anisotropy at hump
onset. The key problem in fits with ¢ = 1 or higher is that the
density due to the far-leg injection does not rise quickly enough
to match the observed sunward intensity, and the optimal fit must
include a second injection peak along the near-leg to match the
density at hump onset. This second peak is an artifact of the fit,
and it results in incorrect values of the weighted anisotropy and
curvature. For lower values of ¢ the fits in Figure 11 are im-
proved, although there is still a residual second peak in the in-
jection function for ¢ = —1 (Fig. 11, top panel). Because the fits
still have some residual systematic errors, we do not consider
that the quantitative differences in x? indicate an optimal value of
q. We are not sure how well our procedure determines the
weighted anisotropy and curvature of SEPs at late times, where
the anisotropy is weak and there are fluctuations in the direc-
tional distribution, as well as possible time variations in the
GCR background as the Earth rotates. While the data were fit as
shown in Figure 11, we do not take the systematic variations in
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Fic. 10.—Pitch-angle distributions constructed from the observed intensity at each polar neutron monitor station ( filled circles) as a function of the cosine of'its pitch
angle relative to the inferred axis of symmetry (Fig. 6), along with model distributions for relativistic proton injection along both legs of a closed interplanetary magnetic

loop for g = —1 (solid lines), g = 0 (dashed lines), and ¢ = 1 (dotted lines).

weighted anisotropy and curvature after 19:35 UT to be phys-
ically meaningful.

In sum, the least-squares fitting indicates that ¢ = 1 provides a
substantially worse fit but is unable to provide a clearly optimal
value of g.

As a further check, Figure 10 shows how well each fit re-
produces the pitch-angle distribution at various times. As a ca-
veat the assignment of a pitch angle to an individual neutron
monitor station depends on the estimated axis of symmetry and
represents what is actually a distribution of asymptotic directions
(see Fig. 3). Furthermore, up to 19:00 UT the axis of symmetry
tends to align with the station with highest intensity (McMurdo,
MC), an artifact of our procedure. Therefore, we believe that
point should not be exactly at u = 1 and are not concerned when
fits yield a maximum intensity at ;4 = 1 higher than MC. How-

ever, a model with a maximum intensity lower than MC is in
conflict with the data. In Figure 10 we see that at 18:30 UT, all fits
yield bidirectional anisotropy, although ¢ = —1 has trouble
matching the pitch-angle distribution. At 18:50 UT and 19:00
UT none of the fits correctly treats the sunward flux (at © < 0).

One important assumption is that the injection along both legs
of the loop is taken to be the same. Indeed, we can only weakly
constrain the ratio of injection along the far leg to that along the
near leg, because the spike was so highly collimated that it was
only observed at two stations and we can only derive lower limits
to the particle density at that time. Another important model as-
sumption is that 4 is constant along the loop, which is a simpli-
fication given that the central part of the loop probably comprises
CME ejecta with quite different plasma properties. Given these
model assumptions, we do not feel that the detailed quantitative



No. 2, 2006 SOLAR PROTONS ON 1989 OCTOBER 22 1201
1000F = g7 ' ' ]
800 |- -
c B i
S 600F -
o - .
= 400 - E
200 F -
0 B . . ]
25F 3
20 ]
X 15 E
2 10F =
0 r ]
& 5F =
()] - -
0f—= :
__ -5E . . . 3
X 30E ' ' ' E
= 256 | I E
g 20p
8 g ||
5 10 z— I —i
o 5F |t e =
£ E o I ‘.."/'AITIIHHﬁ‘mﬂﬁ;Tmmﬂfnhgxmhp T T g
o Ottt \ﬁlll 1 HT thprt R
) _5 E ) ) ) =
= 2sF T ' ' ]
~ 20F [ =
S :
~ 15 I . H =
(O] - | 2 3
ERRI S i :
I~ E Lo T } 3
5 % _m 1 I E
8 O E -J_lull-]l] E --}TTT IT--TT =T T}.‘[I}.{{ }[ h + T -;
sf IO T 1o (g g
18:00 20:00 22:00 24:00
Time (UT, 1989 October 22)
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TABLE 2

REFINED FiT PARAMETERS FOR INJECTION ALONG BoTH LEGS oF A CLosED Loop
FOR VARIOUS g-VALUES

A /

I

q X2 Degrees of Freedom (AU) (AU)
505.7 210 2.0 44
446.9 209 1.4 4.7
437.0 209 1.2 49

fitting at hump onset is sufficient grounds to rule out high g-
values. Indeed, these assumptions are probably responsible for the
failure to match the sunward flow in Figures 106 and 10c.

A more robust feature is the strong enhancement near p = 1
during the quasi—steady state over 19:15—-19:30 UT (see Figs. 10d—
10e), due to continued injection along the near leg superimposed
on an isotropized distribution. Since the ¢ = 1 model poorly
matches the shape of the pitch-angle distribution in this time pe-
riod, as well as yielding an inferior fit to the time profiles (Fig. 11
and Table 2), we again conclude that ¢ < 1.

For g-values from —1 to 0.75 (even lower values of g are not
ruled out by the data but are in our opinion physically unlikely),
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the optimal scattering mean free path /4 is 1.2-2.0 AU, the loop
length / = 4.7 &+ 0.3 AU, and the injection has a start time (at the
Sun) of 17:46 UT, peak time of 17:51 UT, and FWHM of 6 min-
utes, all with estimated uncertainties of 2 minutes.

5. DISCUSSION
5.1. Overview

A key lesson of the present work is the value of precision
modeling of the interplanetary transport of solar energetic par-
ticles (SEPs). From numerical simulations and careful compar-
isons with observed time profiles, various reasonable ideas can
be excluded. Only after three magnetic field configurations were
tested and found to not properly fit the data did we turn to the
explanation of injection along both legs of a closed interplane-
tary magnetic loop, which provides a much better fit. If the
analysis of observed time profiles had remained qualitative, the
improved explanation would not have surfaced.

The start time of injection of relativistic solar particles, 17:46
UT +£2 minutes, would correspond to Earth observation of
electromagnetic emission at 17:54 UT £2 minutes. This corre-
sponds closely to the actual peak of Ha detection (17:56 UT)
and X-rays (17:57 UT). A similar correspondence with the X-ray
peak was found to within a few minutes for the GLEs of 2000
July 14 (Bieber et al. 2002), 2003 October 28 (Bieber et al.
2005), and to one-minute accuracy, 2001 April 15 (Bieber et al.
2004a). This indicates a delay between the energetic (rising)
phase of the flare and the injection of relativistic particles, which
could be attributed to acceleration at a CME shock that takes
some time to form.

We concur with Cramp et al. (1997) that there was an ex-
tended solar injection. There was an apparent sharp cutoff of in-
jection at 19:30 UT. This cutoff feature, identified in the context
of relativistic solar protons, is seen much more dramatically in
24-210 MeV protons (Nemzek et al. 1994). For the relativistic
protons, the intensity is continuous at most pitch angles, and the
sudden change is only in the outgoing direction, as if the source
turned off (Fig. 10). On the other hand, the axis of symmetry
changed suddenly at that time to a new direction and then re-
mained roughly constant for the remainder of October 22 (not
including time periods of very low anisotropy when the inferred
axis can fluctuate widely), implying that the apparent cutoff of
injection actually indicates the arrival of a new flux tube with
different magnetic connection. This change in magnetic connec-
tion is much more evident for the 24—210 MeV protons, causing
a nondispersive 30%—50% drop in proton density.

These observations can be understood in terms of magnetic
connection to the acceleration region at a traveling interplanetary
shock. Relativistic particles were mostly injected at the event
onset, when the shock was at low solar altitude, followed by
extended injection at a lower intensity (Fig. 11). Before 19:30
UT, the Earth was apparently magnetically connected to the
source ever since the start of the GLE. For convenience let us
refer to this as the “first flux tube.” The second “flux tube,” after
19:30, was apparently sufficiently well connected to the source at
event onset to obtain almost the same relativistic particle density
as the first flux tube, and both flux tubes are apparently loops.
The difference is only that the second flux tube magnetically
disconnected from the shock at some stage before passing by the
Earth at 19:30, so the only observed change at 19:30 was the
disappearance of the small outgoing flux. (From a modeling
point of view, this is functionally equivalent to a cutoff of in-
jection.) The same scenario can explain the 24—-210 MeV proton
observations because particles at lower energies typically have a
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much longer duration of injection by a CME-driven shock.
When the second flux tube disconnected from the shock some
time after event onset, it therefore received a significantly lower
total injection than the first flux tube.

As noted earlier, the polar neutron monitor data cannot pre-
cisely determine the ratio of far-leg to near-leg injection because
the spike was only caught by two monitors and only lower limits
in density are available. While all fitting results assumed a ratio of
1.0 with identical and simultaneous injection functions along the
two legs of the loop, we found that multiplying the far-leg injec-
tion by anywhere from 0.5 to 3 also yielded reasonable fits. Note
that we do not know whether the two legs were physically close
together near the Sun, e.g., connected to the same active region. If
they were in close proximity, that would provide a natural expla-
nation of why the data are consistent with the same injection func-
tion along both legs of the closed interplanetary magnetic loop.

If the relativistic solar protons were accelerated by the CME-
driven shock simultaneously along both legs of the loop, those
acceleration processes were independent and not synergistic, for
the following reasons. The bulk acceleration took place over a
FWHM duration of only 6 £ 2 minutes, so particles from one leg
could not have traveled / = 4.7 4+ 0.3 AU to reach the other in
time to serve as seed particles for bulk reacceleration. The in-
ferred values of the mean free path /) are smaller than the loop
length [ (see Table 2), so the particles from one leg would not
survive as a beam to reach the other, and indeed most would
suffer magnetic mirroring and would not reach the acceleration
region near the Sun.

Our analysis of the 1989 October 22 GLE relies almost ex-
clusively on observations of relativistic solar protons. In the
future, a much wider range of corroborating data should be
available. For example, the STEREO (Solar Terrestrial Relations
Observatory) mission will provide detailed data on the magnetic
field topology. In that case we can apply our precision modeling
to probe the conditions of parallel and perpendicular transport of
SEPs, providing further information about magnetic loops and
the interior of CMEs in interplanetary space. Improved under-
standing of transport conditions is relevant to understanding cer-
tain space weather effects. For example, relativistic solar particles
are a space weather hazard to air crews flying polar routes as well
as a possible hazard to astronauts on missions to the Moon or
Mars. Our observations that these particles can form intense and
extremely collimated beams along an axis far from the magnetic
field direction, and can come along both legs of an interplanetary
magnetic loop, are relevant to shielding requirements for astronaut
safety and protection of spaceborne electronic components. In
particular, an intense beam of particles can actually arrive in an
unpredictable direction (see also Bieber et al. 2005), so it is not
sufficient to simply shield against or prepare for such a beam
coming from the typical 45° angle of the Archimedean spiral field
as one might imagine.

5.2. Magnetic Fluctuations

To our knowledge, this is the first report of an inference of
g < 1 to fit time variations in SEPs. The parameter ¢ enters the
transport equation as a parameter in the pitch-angle scattering
coefficient @(p) = A|p|? (1 — ;2), and in the context of qua-
silinear theory is identified as the power-law index of the mag-
netic turbulence power spectrum (Jokipii 1971) at wavenumbers
k resonant with the particle rigidity of interest. More specifically,
Matthaeus et al. (1990) showed that interplanetary fluctuations
are predominantly at wave vectors nearly parallel to the mean field
(the “slab” component) and nearly perpendicular to the mean
field (the “two-dimensional” component, and particles undergo
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resonant scattering with the slab component (Bieber et al.
1994). The power spectrum has long been known to comprise a
Kolmogorov spectrum, i.e., with power-law index g ~ 5/3,
over an inertial range, and a rollover at low & to a roughly con-
stant spectrum (Jokipii & Coleman 1968), i.e., ¢ ~ 0. The roll-
over wavenumber k. corresponds to the turbulent correlation
length /. ~ 1/k.. Therefore, it is not unreasonable that very high-
energy particles would experience g < 1.

What is unusual is to observe ¢ < 1 for 1-3 GV protons.
Based on a compilation by Bieber et al. (1994), Leerungnavarat
etal. (2003) point out (and illustrate in their Fig. 2) that the spec-
tral rollover, with ¢ ~ 1, typically corresponds to a proton rigidity
of ~10 GV. Therefore, under normal solar wind conditions one
would expect 1-3 GV protons to resonate with turbulent fluctu-
ations in or close to the inertial range. Indeed, previous analyses
for this energy range were consistent with g = 1.5 on 2000 July 14
(Bieber et al. 2002) and ¢ = 1.0 on 2001 April 15 (Bieber et al.
2004a).

We therefore postulate that the unusually low value of ¢ in-
ferred in this work for 1989 October 22 was associated with the
closed interplanetary magnetic loop configuration. We infer that
the correlation length of slab fluctuations was at least an order
of magnitude smaller than usual, i.e., £0.002 AU instead of
~0.02 AU. This makes k. unusually high and yields ¢ < 1 in
the wavenumber region resonant with 1-3 GV protons.

There is an observational precedent for unusual magnetic fluc-
tuations in closed loops. Previous work has found that a mag-
netic cloud (comprising closed loops) embedded in CME plasma
can have unusually weak fluctuations (Burlaga et al. 1981) and a
particularly weak slab component (Leamon et al. 1998). As the
slab component is responsible for resonant scattering of particles
(Bieber et al. 1994), the results of Leamon et al. (1998) are also
consistent with the long mean free path of 4| = 1.2-2.0 AU
inferred in the present work. Note that Torsti et al. (2004) found
a very long mean free path inside the magnetic cloud of 1998
May 2-3, and the much earlier work of Tranquille et al. (1987)
identified weak particle scattering and low magnetic fluctuations
at a time of intense magnetic fields.

We note that the results of Leamon et al. (1998) for a magnetic
cloud are similar to those of Buttighoffer (1998), Buttighoffer
etal. (1999), and Smith et al. (2001, 2004) for rarefaction regions
of open magnetic field lines in the solar wind. Very weak particle
scattering was also observed in such regions by Buttighoffer
(1998). Mullan et al. (2003) proposed the interesting physical
explanation that MHD waves are refracted away from regions of
high Alfvén speed. That work aimed to explain the low fluctu-
ations and very low slab fluctuations observed by Smith et al.
(2001) for rarefaction regions, but it could clearly apply to mag-
netic clouds in CMEs as well. Indeed, if one imagines a cylindrical
region where the Alfvén speed is high, external fluctuations with
wave vector aligned nearly along the mean field (i.e., slab fluc-
tuations) can undergo total reflection and fail to penetrate the
cylinder, while other, oblique waves are more likely to enter. Work
by Reames et al. (2001) and Crooker et al. (2003) indeed found a
correlation between strong particle anisotropy, i.e., weak scatter-
ing, and the plasma 3 parameter, which in the context of Mullan
et al. (2003) can be interpreted as a proxy for the Alfvén speed.

Therefore, the long mean free path inferred in the present work
is part of a coherent picture that emerges from a large body of
work in the literature: regions of high Alfvén speed refract away
magnetic fluctuations, especially the slab fluctuations responsi-
ble for particle scattering, and provide “highways” (Torsti et al.
2004) of particle transport with low scattering and strong anisot-
ropy. To this picture we add the inference of ¢ < 1 and an un-
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usually small correlation length /. < 0.002 AU inside a closed loop,
for which we cannot at present provide a physical explanation.

5.3. Interpreting the Decay Rate

The decay in density at late times is quite slow by the standards
of GLE observations and favors a loop configuration in which
the particles can be trapped for extended times. Our implemen-
tation of the loop geometry in the transport code traps particles
very effectively, so to explain the data we introduce an escape
process with an exponential decay time of 3 hr. Now we address
the physical mechanism of this escape and the interpretation of
the timescale.

First note that there is very little escape due to parallel trans-
port. While particles could in principle be absorbed at the solar
surface, the focusing (magnetic mirroring) there is very intense,
and very few particles reach such low altitudes. Indeed the trans-
port simulation code includes absorbing boundaries at 0.01 AU
(=2 solar radii) from the solar center, and there is no significant
loss in the particle phase-space density, which quickly becomes
constant in time, space, and direction. This leaves three rea-
sonable possibilities: (1) adiabatic deceleration, which removes
particles from the detected energy range; (2) perpendicular drifts;
and (3) perpendicular diffusion. These mechanisms could take
place in the central part of the loop, presumably a magnetic cloud
embedded in CME plasma, and/or in the legs with plasma and
magnetic field conditions that are more typical of the solar wind.

Adiabatic deceleration was actually not included in our treat-
ment of the loop configuration for reasons described in § 3.1, so
this is a candidate process to explain the density decay. The rate of
density decay due to adiabatic deceleration is (2/3)(6 — 1)vsy/r for
aradial solar wind of constant speed (Ruffolo 1995), where ¢ is the
spectral index, taken to be 6.5 for the time period of interest (Fig. 5),
and we use a solar wind speed vg, = 600 km s~1. At Earth this
yields a decay timescale of 18.9 hr, much longer than the observed
value of 3 hr. Given that observed major CMEs are typically ~60°
in extent, and based on the inferred loop length of 4.7 AU, we
estimate that the volume-averaged rate of decay over the loop yields
a value similar to that at Earth. Thus adiabatic deceleration does not
explain the density decay, and we can justify its neglect in the
transport simulations in loops at these relativistic energies.

This implies that perpendicular transport processes are needed,
and the observed 3 hr decay time heralds a new type of information
on the perpendicular transport of energetic particles in space. Such
transport processes include systematic drifts and random diffusion.

Particles orbiting Archimedean magnetic field lines in the
solar equatorial plane experience curvature and gradient drifts in
the same direction, either southward or northward depending on
the magnetic field direction and particle sign. (Note that the the-
orem of Jones et al. [1998], if applicable, would imply that par-
ticles remain confined to a nearly constant heliolatitude; however,
there are drifts along or counter to the interplanetary electric field,
so their assumption of energy conservation does not apply.) How-
ever, inside a magnetic cloud, the coiling of magnetic field lines
can confine the drift orbits to closed surfaces inside the cloud, as in
tokamak fusion plasmas. It is not clear whether the coiling of mag-
netic field lines persists throughout the flux rope, e.g., in the legs
connecting back to the Sun. Drawings by Burlaga et al. (1990) and
Vandas et al. (1996) show coiling with a lower pitch in the legs,
which is reasonable in the sense that the CME is driven forward
with high speed and the legs should be stretched. In the leg regions
with lower pitch (or possibly no coiling at all) near the Sun, a lower
fraction of the drift orbits would remain confined to the loop.

Therefore, it is likely that many drift orbits are confined in the
central, magnetic cloud portion of the loop and not confined in
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the legs. Then escape from the loop due to drifts takes place
preferentially near the Sun. The escape can be an exponential
process because of random pitch-angle scattering into a loss cone
where particles can be removed by drifts near the Sun. The pitch-
angle distribution in Figure 10f seems to exhibit loss cone fea-
tures consistent with that idea, although our analysis of polar
neutron monitor data during the decay phase does not consis-
tently show loss cone features at all times. Note that the issue of
how relativistic solar protons escape from a closed magnetic loop
is closely related to the issue of second-stage Forbush decreases
of GCRs (Cane et al. 1994), where the depth of the decrease is
related to how well Galactic particles can get into the loop. The
bidirectional flows of GCRs discussed in § 2.2 are consistent
with preferential inflow at the portions of the loop near the Sun.
Without knowing the precise three-dimensional magnetic to-
pology for a given CME, it is very difficult to estimate the rate at
which drifts cause particles to drain out of (or enter into) the loop;
for different coiling pitch and stretching of coils in the legs, very
different escape rates can result.

Another possibility is that particles escape by means of per-
pendicular diffusion. For escape from the uniform interior of a
tube of circular cross-section, the long-time decay rate of the
particles (uniformly distributed over the volume of the tube) is
given by

1 x?
?: K]Lﬁ, (10)

where  is the average perpendicular diffusion coefficient, x =
2.4 is the first zero of the Bessel function J;, and R is the average
radius of the tube (averages are over the length of the tube). (See
also Wibberenz et al. 1998.) Here we measure 7 = 3 hr,so k| =
(1.6 x107° s7HR%. For example, if R = 0.2 AU, the inferred
diffusion coefficient would be x, = 1.4 x 102° cm? s~!, which
corresponds to a perpendicular mean free path 1, =3k, /v ~
0.001 AU, where v is the particle speed. This value is in excellent
agreement with the recently proposed “nonlinear guiding center”
(NLGC) theory of perpendicular diffusion (Matthaeus et al. 2003;
Bieber et al. 2004b). According to an approximate expression
given by equation (56) of Shalchi et al. (2004),

71~ 006768 /B 2P, (11)

where we have taken v = 5/6 in the notation of Shalchi et al.
According to Zank et al. (2004, see their Fig. 5), 4, displays
surprisingly little radial variation, at least beyond 1 AU. In the
absence of better information, we assume that A, is also con-
stant in the inner heliosphere and adopt values characteristic of
1 AU for the parameters in equation (9). We therefore take
6B? = B} (see, e.g., Bieber et al. 1994), I. = 0.002 AU (see
§5.2),and 4 = 1.6 AU. We obtain 4, = 0.0012 AU, which is
precisely in the range required to explain the 3 hr decay time.
There have been reports of open field line regions embedded
inside magnetic clouds in association with an inflow of GCRs
(Bothmer et al. 1997; Cane et al. 2001). Given the smooth decay
profile, Earth itself probably did not encounter such a region
during the decay phase of the 1989 October 22 GLE, but a
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nearby region of open field lines could provide a rapid escape
path, and equation (10) would underestimate the decay rate. The
presence or absence of such an escape path inside the magnetic
cloud could lead to strong event-to-event variability.

In sum, we interpret the 3 hr decay timescale of the 1989
October 22 GLE as the time constant for particles to escape from
the loop. Two possible mechanisms, perpendicular drifts or dif-
fusion, can explain this timescale. In the drift mechanism, escape is
likely to occur predominantly in portions of the loop near the Sun.

6. CONCLUSIONS

The following are the conclusions of our analysis of data from
nine polar neutron monitors for the unusual ground-level en-
hancement of relativistic solar protons on 1989 October 22:

1. The five key features of the density and anisotropy profiles
(see § 4.1) are not well explained by magnetic field configura-
tions of an Archimedean spiral, a bottleneck beyond Earth, or a
loop with injection along one leg. They are well explained by
injection along both legs of a closed interplanetary magnetic
loop that included the Earth.

2. Observed time profiles can be understood in terms of stan-
dard transport processes of scattering and focusing, with the
additional process of escape from the loop.

3. Relativistic solar protons were injected near the Sun start-
ing at 17:46 UT and peaking at 17:51 UT, with a FWHM dura-
tion of 6 minutes (all 2 minutes). There was also extended
injection for ~90 minutes at a lower level, followed by a cutoff
presumably associated with changing magnetic connection to
the source.

4. Observed pitch-angle distributions indicate ¢ < 1, where ¢
is a transport parameter identified with the spectral index of
magnetic fluctuations. To our knowledge such a low value has
not previously been inferred from solar particle observations.

5. Relativistic protons escaped from the loop with a time
constant of 180 minutes, which is interpreted as an escape time
due to transport perpendicular to the large-scale magnetic field.

6. The length of the loop is inferred to be 4.7 £ 0.3 AU, and
the parallel mean free path is estimated as 1.2—2.0 AU, de-
pending on the value of ¢.

7. These results are consistent with an overall picture from
various reports in the literature of low magnetic fluctuations,
very low slab fluctuations, and long scattering mean free paths in
magnetic loops and other regions of high Alfvén speed. The
present results suggest that the turbulent correlation length can
be unusually short in magnetic loops.
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